Graphical Abstract Highlights d The IKK complex is essential for survival of SP thymocytes d Developmental progression of SP thymocytes does not require canonical NF-kB d Expression RIPK1 is induced in thymocytes following positive selection d Survival of SP thymocytes depends upon active repression of RIPK1 by IKK In Brief Survival of developing thymocytes depends upon activation of the IKK complex downstream of TNFR1 signaling by TNF. Webb and colleagues demonstrate that the pro-survival activity of IKK is mediated not by NF-kB activation but by direct repression of RIPK1 that otherwise triggers cell death in the absence of IKK activity.
INTRODUCTION
T lymphocytes develop in the thymus from pluripotent bonemarrow-derived progenitors through an ordered sequence of developmental events. There has been considerable interest in identifying those signaling pathways and transcriptional networks responsible for controlling different aspects of thymic development. The nuclear factor kB (NF-kB) family of transcription factors is implicated in the function and development of many tissues and cells (Bonizzi and Karin, 2004) . Canonical NF-kB signaling is mediated by heterodimers or homodimers of p50, RelA, and cRel family members that are sequestered in the cytoplasm by inhibitory proteins, the inhibitors of kappa B (IkB) family, and related protein p105. Release of canonical NF-kB dimers is controlled by the inhibitor of kappa B kinase (IKK) complex, a trimeric complex of two kinases, IKK1 (IKKa) and IKK2 (IKKb), and a third regulatory component, NEMO (IKKg) . IKK, activated by the upstream TAK1-TAB1 (transforming growth factor [TGF]-b-activated kinase 1 and TAK1-binding protein 1) kinase complex, phosphorylates IkB, resulting in its degradation by the proteosome and permitting NF-kB dimers to enter the nucleus. Previous studies suggest a role for NF-kB downstream of the preTCR (T cell receptor) complex in double negative (DN) thymocytes (Voll et al., 2000) and downstream of the TCR for the selection of CD8 (cluster of differentiation 8) lineage cells from DP (double positive) thymocytes (Hettmann and Leiden, 2000; Mora et al., 1999; Jimi et al., 2008) . However, it is notable that TCR activation of the IKK complex is mediated via a signalosome complex comprising Card11, Bcl10, and Malt1 proteins (the CBM complex) that is not required for thymocyte development (Schmidt-Supprian et al., 2004) .
More recent studies have instead suggested that NF-kB activation downstream of tumor necrosis factor (TNF) superfamily receptors (Tnfrsf), including TNF receptors (TNFR), is required during thymopoiesis specifically for development of single positive (SP) thymocytes. TNF stimulation results in a complex cascade of signaling events that can result in either cell death or survival (reviewed in Annibaldi and Meier, 2018; Vandenabeele et al., 2010a) . Ligation of TNFR1 causes recruitment of TRADD (TNFR1-associated death domain protein), TRAF2, and the serine/threonine kinase RIPK1. The ubiquitin ligases TRAF2, cellular inhibitor of apoptosis proteins (cIAP), and the linear ubiquitin chain assembly complex (LUBAC) add ubiquitin chain modifications to themselves and to RIPK1, which creates a scaffold allowing recruitment and activation of the TAK1-TAB1 and IKK complexes and formation of the so-called TNFR complex I. Triggering IKK activity in this complex results in activation of downstream NF-kB and promotion of cell survival. A failure to maintain the stability of complex I results in the formation of one of several cell-death-inducing complexes. Complex IIa is composed of TRADD, FADD (Fas-associated protein with death domain), and caspase-8 (Micheau and Tschopp, 2003; Wang et al., 2008) , whereas in the presence of inhibitor of apoptosis protein (IAP) inhibitors, IKK inhibitors, or TAK1 inhibitors (Dondelinger et al., 2013 (Dondelinger et al., , 2015 Legarda-Addison et al., 2009) , additional recruitment of RIPK1 allows formation of related complex IIb. Both of these complexes induce apoptosis; in the former case it is RIPK1-kinase-activity independent, whereas in the latter case it is RIPK1-kinase dependent (Annibaldi and Meier, 2018; Dondelinger et al., 2016; Ting and Bertrand, 2016) . In the absence of caspase-8 protease activity, RIPK3 and MLKL (mixed lineage kinase domain like pseudokinase) can be recruited to complex IIb and together trigger a distinct form of cell death termed necroptosis (for review see Pasparakis and Vandenabeele, 2015; Vandenabeele et al., 2010b) .
The evidence that NF-kB signaling is required during SP development largely comes from disruptions to complex I formation. Ablation of the IKK complex, either by deletion of NEMO (Schmidt-Supprian et al., 2003) or by combined loss of IKK1 and IKK2 subunits (Webb et al., 2016) , results in a developmental arrest in SP thymocytes at the immature HSA hi stage. Similarly, an absence of TAK1 and LUBAC results in similar blocks in SP thymocyte development (Liu et al., 2006; Teh et al., 2016; Wan et al., 2006) . TNF is implicated as a key trigger of these pathways because its blockade in vivo almost completely rescues SP development in IKK-deficient thymocytes (Webb et al., 2016) and rescues survival of TAK1-deficient thymocytes (Xing et al., 2016) . Together, these studies suggest that TAK1-and IKKdependent activation of NF-kB by TNF is required for thymocyte survival. Acquisition of proliferative competence by SP thymocytes is also suggested to require NF-kB signaling because TAK1-deficient thymocytes do not proliferate in response to TCR triggering, a defect rescued by expression of a constitutively active IKK2 transgene (Xing et al., 2016) . Although these studies find clear NF-kB gene transcription profiles amongst SP thymocytes, it remains unclear which gene targets are functionally relevant for SP thymocyte development and survival or how cell death is controlled when complex I formation is compromised. One NF-kB gene target that has been functionally validated in thymocytes, however, is Il7r (Miller et al., 2014; Silva et al., 2014) . Expression of interleukin-7 receptor (IL-7R) by newly developed T cells is triggered by signals from Tnfrsf members, including TNFR1 and CD27, and is dependent upon NF-kB signaling. Although Il7r gene induction is initiated in mature SP thymocytes, it is not required for SP development and only reaches maximal abundance in newly developed T cells after leaving the thymus. This induction of IL-7R expression is, however, essential for long-term survival of naive T cells (Silva et al., 2014) .
NF-kB signaling has therefore been implicated in multiple developmental processes throughout thymopoiesis, but most specifically in post-selection thymocytes: (1) to protect thymocytes from cell death triggered by TNF, (2) for differentiation of SP thymocytes into functionally competent cells with migratory capacity, and (3) for homeostatic maturation of newly developed T cells, mediated in part by induction of IL-7R. In the present study, we sought to better understand how the IKK complex and NF-kB signaling downstream of TNF control SP thymocyte development and reveal RIPK1 as a central regulator of post-selection thymocyte death, survival, and maturation.
RESULTS

Development and Survival of SP Thymocytes Does Not Depend on NF-kB
To directly ask whether NF-kB signaling is required for SP thymocyte development, we generated mice with compound deficiencies of the three Rel family members required for canonical NF-kB signaling: RelA, cRel, and p50. Cd4 Cre Rela fx/fx (RelA DT ) mice, Nfkb1 À/À mice that lack p105 and p50, and Rel À/À mice that are cRel deficient were intercrossed, generating different combinations of Rel subunit deficiency. Thymic development of CD4 and CD8 SP thymocytes was largely normal in the different compound mutants, which had normal phenotypes and numbers of immature HSA hi CD62L lo and mature HSA lo CD62L hi SP thymocytes ( Figures 1A and 1B) . The exception was Nfkb1 À/À thymocytes, which exhibited perturbed CD8-lineage development ( Figure 1B ), as previously described (Gugasyan et al., 2012) . To confirm that canonical NF-kB signaling was absent in RelA DT Rel À/À Nfkb1 À/À tripledeficient thymocytes, we first tested their capacity to proliferate in response to CD3+CD28 stimulation. SP thymocytes from RelA DT Rel À/À Nfkb1 À/À donors were, as expected, unresponsive to CD3+CD28 cross-linking ( Figure 1C ). We then analyzed gene expression by RelA DT Rel À/À Nfkb1 À/À CD8 SP thymocytes. We have previously identified a number of NF-kB gene targets by transcriptional profiling of CD8 SP thymocytes from Chuk fx/fx Ikbkb fx/fx huCD2 iCre (IKKDT CD2 ) mice (Webb et al., 2016) . Comparing gene expression between RelA DT Rel À/À Nfkb1 À/À and IKK-deficient CD8 SP thymocytes revealed a very similar pattern of gene regulation ( Figure 1D ). Previously defined targets such as IAPs, Traf1 (TNF receptor associated factor 1), Il7r, Bcl3 (B-cell lymphoma 3-encoded protein), Tnfaip3 (TNF alpha induced protein 3, A20), and Nfkbia were all similarly reduced in both strains. Conversely, genes relevant to TNF signaling but not found to be regulated in IKK-deficient thymocytes, such as Diablo, Cflar, Cyld, and Xiap, were also unaffected in RelA DT Rel À/À Nfkb1 À/À cells. Additionally, we found that expression of both Relb and Nfkb2, associated with alternative NF-kB activation, appeared to be dependent on canonical NF-kB signaling because their mRNA abundance was substantially reduced in both IKK-deficient and RelA DT Rel À/À Nfkb1 À/À deficient mice. So, although only canonical Rel components were genetically targeted in RelA DT Rel À/À Nfkb1 À/À mice, thymocytes, in fact, lacked expression of all five subunits. Finally, we asked whether Rel-subunit-deficient thymocytes were more sensitive to TNF-induced cell death than controls were. Previous studies have suggested that thymocyte survival is dependent upon NF-kB activation, specifically to protect cells from TNF-induced cell death (Webb et al., 2016; Xing et al., 2016) . However, all thymic SP subsets in RelA DT Rel À/À Nfkb1 À/À hosts were resistant to TNF-induced cell death, even at supra-physiologic concentrations ( Figure 1E) , despite a complete inability to transmit canonical NF-kB signals. (B) Total numbers of the indicated SP thymocyte subsets recovered from compound mutants of Rela, Nfkb1, and Rel, as indicated in the axis labels. +, WT, -, deficient. Numbers of mice (n) per group are indicated in first bar chart. (C) CTV (cell trace violet) dilution by CD4 + and CD8 + SP thymocytes from the indicated strains stimulated as indicated for 72 h. (D) Gene expression (normalized reads per kb exons per million reads, nRPKM) by CD8 + SP thymocytes from WT (n = 8) and RelA DT Nfkb1 À/À Rel À/À mice (Rel TKO ) (n = 5) was determined by RNA-seq analysis. Previously published RNA-seq of Tnfrsf1a À/À IKKDT CD4 TCR hi CD8 + SP thymocytes (n = 4; Webb et al., 2016) was included in the analysis. (E) Total thymocytes from RelA DT Nfkb1 À/À Rel À/À and WT controls were cultured for 24 h with different doses of TNF. Graphs show percentage of dead cells. Data are pooled from six independent experiments (A and B) or are representative of three independent experiments (C and E). Error bars indicate SD.
Homeostatic Maturation of Newly Developed T Cells Is NF-kB Dependent
Because NF-kB was not required for thymocyte survival in response to TNF, we wanted to confirm whether NF-kB was indeed responsible for homeostatic maturation of T cells, as suggested by previous studies (Miller et al., 2014; Silva et al., 2014; Webb et al., 2016) . To assess homeostatic maturation of T cells, we analyzed both total numbers of naive peripheral T cells and IL-7R expression in different Rel-subunit-deficient strains because Il7r is an NF-kB target gene in SP thymocytes and peripheral T cells (Miller et al., 2014; Silva et al., 2014) . Mice lacking only RelA, only p105, or both p105 and cRel all had normal naive T cell numbers, although there was evidence of a modest reduction in IL-7R expression ( Figure 2A ). However, both naive T cell numbers and IL-7R expression were substantially reduced in mice lacking both p105 and RelA, whereas combined RelA, cRel, and p105 deficiency resulted in the most profound loss of naive T cells and IL-7R expression. Importantly, the extent to which naive T cell numbers and IL-7R abundance was reduced in RelA DT Rel À/À Nfkb1 À/À hosts closely resembled that of Tnfrsf1a À/À Chuk fx/fx Ikbkb fx/fx Cd4 Cre (Tnfrsf1a À/À IKKDT CD4 ) mice. Together, these data confirm that NF-kB is essential for homeostatic maturation of newly developed T cells, permitting maximal induction of IL-7R and survival of naive T cells. These experiments also provided evidence of Rel-subunit specificity in this process because RelA alone was sufficient for generation of normal naive T cell numbers, whereas cRel was not.
Finally, we assessed functional differentiation of SP thymocytes and T cells in Rel-deficient mice because acquisition of proliferative capacity by developing thymocytes is thought to be NF-kB dependent (Xing et al., 2016) . We first examined memory and regulatory T (Treg) cell populations. Thymic development of Treg cells and generation of peripheral memory CD4 + T cells are both highly reliant upon cRel (Isomura et al., 2009; Zheng et al., 2003) . Analysis of Rel À/À Nfkb1 À/À mice confirmed the findings of these earlier studies but also revealed that although both populations were greatly reduced, they were not completely absent. In contrast, RelA DT Rel À/À Nfkb1 À/À mice were almost completely devoid of both Treg and CD4 + memory T cells ( Figures 2B and 2C ). Thymocytes from RelA DT Rel À/À Nfkb1 À/À mice failed to proliferate in response to TCR stimulation in vitro ( Figure 1C ). However, it was unclear whether the absence of CD4 + memory T cells in this strain was because naive T cells were functionally immature in the absence of NF-kB signaling in the thymus or because unresponsiveness simply reflected a non-redundant requirement for NF-kB signaling downstream of TCR in order to activate T cells and generate memory T cells. To address this question further, we assessed proliferative responses of thymocytes and peripheral T cells from IKK1-deficient donors in the presence of an IKK2 inhibitor. IKK1 deficiency alone has little impact upon thymocyte development (Chen et al., 2015) , and so the impact of complete IKK blockade in mature T cells can be assessed. Responses to CD3 cross-linking by both thymocytes and peripheral T cells from IKK1-deficient mice was largely normal ( Figure 2D ). Blocking IKK2 in wild-type (WT) thymocytes had a modest effect on proliferation, whereas in IKK1-deficient thymocytes, additional blockade of IKK2 resulted in a profound inhibition of cell division, as expected ( Figure 2D ). However, a similar block in proliferation was also observed when otherwise responsive peripheral T cells from IKK1-deficient mice were activated in the presence of an IKK2 inhibitor. Therefore, the failure of IKK-deficient and Reldeficient thymocytes and peripheral T cells to proliferate in response to TCR triggering most likely reflects an absolute requirement for this signaling pathway downstream of TCR triggering rather than a developmental defect.
Gene Dose of Chuk and Ikbkb Reveals Distinct Functions for the IKK Complex in Thymocyte Survival and Maturation
The finding that NF-kB was not required for thymocyte survival appeared contrary to earlier studies showing the critical requirement for the IKK complex during SP thymocyte development. We therefore examined the role of the IKK complex in more detail to better understand how both thymocyte survival and homeostatic maturation are regulated. First, we examined the function of individual IKK subunits and specifically whether there was a distinct reliance upon these subunits for thymocyte survival versus NF-kB-dependent induction of IL-7R. We examined T cell development in mice with a T-cell-specific deletion of Chuk or Ikbkb genes and in compound mutants expressing only single copies of either gene. Analyzing SP thymocyte compartments of mice lacking both Chuk and Ikbkb (IKKDT) (Figure 3A) confirmed results of earlier studies reporting a profound loss of mature HSA lo CD4 + and CD8 + SP T cell subsets in mice lacking IKK function (Schmidt-Supprian et al., 2003; Webb et al., 2016) . Both IKK1 and IKK2 alone were sufficient for normal thymocyte survival because numbers of SP subsets in mice lacking either of the IKK subunits were normal ( Figure 3A ). There was some evidence that IKK2 was more potent than IKK1 at promoting survival. A single Ikbkb gene was sufficient for normal thymocyte survival in the absence of IKK1, whereas, in contrast, a single copy of the Chuk gene was sufficient for CD4 + , but not CD8 + , SP thymocyte subsets in the absence of IKK2.
To assess the impact of compound Chuk and Ikbkb subunit deletion upon homeostatic maturation of thymocytes, we measured the expression of IL-7R in peripheral T cells and the total number of peripheral naive T cells. Both induction of IL-7R expression ( Figure 3B ) and total naive T cell numbers (Figure 3C) were highly sensitive to compound deletions of Chuk and Ikbkb alleles, with clear evidence of gene dose effect. While thymocyte survival was only affected by the complete loss of both Chuk and Ikbkb, normal IL-7R expression and maximal naive T cell numbers required optimal expression of both IKK1 and IKK2. Together, these data reveal that survival of thymocytes and induction of IL-7R have distinct requirements for IKK activity, implying that IKK mediates these functions by distinct mechanisms.
RIPK1 Expression Is Developmentally Regulated in SP Thymocytes
Given the evidence that IKK may regulate survival and maturation of SP thymocyte subsets by distinct mechanisms, we wished to better understand how TNF signaling was controlled during thymopoiesis. We performed a meta-analysis of published transcriptomics data generated by RNA sequencing (RNA-seq; Sinclair et al., 2015) to examine the TNF signaling network in subpopulations of developing thymocytes, with particular attention upon developmental changes in mature SP thymocytes, because it is in these populations that TNF signaling appears to have the most impact. TNF signaling activates a num-ber of pathways via a complex cascade of intracellular adaptors, kinases, and ubiquitinating enzymes ( Figure 4A ). Analyzing gene expression in different DP and SP thymocyte subsets revealed that expression of many of the signaling intermediaries was unchanged as thymocytes underwent differentiation. There were notable exceptions to this, though, that included Ripk1 and Casp8, which were up-regulated in total CD8 + SPs and HSA lo CD4 + SPs, but not in immature HSA hi CD4 + SPs or DP thymocyte subsets. This pattern of expression correlated well with the susceptibility of different subsets to TNF-induced cell death, apparent in the absence of IKK expression. RIPK1 is a serine/ threonine kinase critical for induction of TNF-induced cell death and is a major survival factor through its scaffold function involving both NF-kB-dependent and -independent mechanisms (Pasparakis and Vandenabeele, 2015) . Similarly, caspase-8 is a target of RIPK1 kinase activity required for induction of apoptosis by TNF (Dondelinger et al., 2016; Ting and Bertrand, 2016; Vandenabeele et al., 2010a) . To confirm the developmental pattern of Ripk1 expression suggested by RNA-seq, we measured RIPK1 protein abundance at the single-cell level by flow cytometry ( Figure S1 ). RIPK1 protein was undetectable amongst the most immature DP thymocyte subsets (DP1 and DP2), but expression was induced progressively throughout SP development, reaching maximum abundance in HSA lo SP subsets ( Figure 4B ). Because IKK-deficient thymocytes are specifically susceptible to TNF-induced cell death (Webb et al., 2016) , we also confirmed that the same pattern of RIPK1 expression was observed in thymocytes from Tnfrsf1a À/À IKKDT CD4 mice ( Figure 4B ) and that RIPK1 was not itself regulated by NF-kB signaling. The close correlation between RIPK1 abundance and TNF reactivity of thymic subsets suggested that RIPK1 could be a central regulator of thymocyte survival.
Normal Thymopoiesis, but Reduced Peripheral T Cell Numbers in the Absence of RIPK1
To better understand the role RIPK1 plays in thymocyte survival and differentiation, we first analyzed T cell development in the absence of RIPK1. RIPK1 deficiency is associated with perinatal lethality (Kelliher et al., 1998) . Therefore, we examined mice in which Ripk1 expression is specifically ablated in T cells, using a conditional Ripk1 fx/fx Cd4 cre strain. Analyzing the thymic phenotype revealed largely normal development in the absence of RIPK1 expression ( Figure 5A ), though there was some evidence of a modest reduction in mature HSA lo CD62L hi CD8 + SP thymocytes in younger mice ( Figure 5B ). In contrast, the periphery of the Ripk1 fx/fx Cd4 cre mice was profoundly T cell deficient, with substantial reductions in numbers of naive CD4 + and CD8 + T cells in both younger and older mice ( Figure 5C ). Since RIPK1 is thought to be required for optimal triggering of NF-kB signaling, it was possible that a failure to induce normal IL-7R expression could contribute to the reduction in peripheral T cells. Upregulation of IL-7R by newly developed T cells as they leave the thymus is NF-kB dependent (Silva et al., 2014) , whereas initial induction following thymocyte selection depends upon signaling of TCR but not of NF-kB (Silva et al., 2014; Sinclair et al., 2011) . Analyzing IL-7R induction during thymic development of RIPK1-deficient T cells revealed normal induction following positive selection but a failure to up-regulate expression in the periphery ( Figure 5D ). Together, these data suggest that RIPK1 expression is required for peripheral T cell survival and optimal NF-kB-dependent induction of IL-7R.
RIPK1 Both Protects and Sensitizes Thymocytes to TNF-Induced Cell Death RIPK1 is most highly expressed by those SP populations that are dependent upon IKK activity for survival. We therefore asked whether RIPK1 was required to regulate TNF-induced cell death in developing thymocytes. First, we examined survival of RIPK1deficient thymocytes after TNF stimulation. In WT mice, DP and HSA hi CD4 + SP thymocytes are modestly sensitive to TNFinduced cell death, whereas other more mature subsets are resistant (Webb et al., 2016) (Figure 6A ). In contrast, RIPK1 deficiency rendered all thymic subsets sensitive to TNF-induced cell death to the same modest extent observed in DP and HSA hi CD4 + SP thymocytes ( Figure 6A) . Therefore, the resistance of HSA lo CD4 SP and CD8 + SP thymocyte subsets to TNF-induced death was RIPK1 dependent ( Figure 6A) , and the weak susceptibility of DP and HSA hi CD4 + SP thymocytes in WT mice likely reflected the low or absent expression of (Sinclair et al., 2015) . The indicated thymocyte subsets were sorted from WT (n = 3) mice, mRNA was purified, and gene expression was determined by RNA-seq analysis. Bar charts show mRNA expression (nRPKM) of the indicated genes. (B) Histograms are of anti-RIPK1 staining of the indicated thymocyte subpopulation as compared with isotope staining control. Bar charts are of MFI of anti-RIPK1 staining or isotype control of the indicated subsets from either WT (n = 4) or Tnfr1 À/À IKKDT CD4 mice (n = 2). Data are representative of four independent experiments. Error bars indicate SD. Significant differences in RIPK1 expression between subsets were tested on pool of WT and Tnfr1 -/-IKKDT CD4 data. Please also see Figure S1 . RIPK1. Together, these data suggest that induction of RIPK1 expression during development renders thymocytes protected from TNF-induced cell death.
Both expression and kinase activity of the IKK complex are required to protect thymocytes from TNF-induced cell death (Webb et al., 2016) . While RIPK1 expression appeared to protect mature thymocytes from TNF-induced death, RIPK1 kinase activity is also a potent trigger of cell death (Annibaldi and Meier, 2018; Dondelinger et al., 2016; Ting and Bertrand, 2016) . We therefore tested if TNF-induced death was dependent on RIPK1 kinase activity in thymocytes. We tested this first by sensitizing IKK1-deficient thymocytes to TNF-induced cell death with an IKK2 inhibitor and asked if RIPK1 kinase inhibitor Necrostatin 1 (Nec1) could prevent cell death. Following IKK blockade, TNF-induced cell death of SP subsets was completely blocked by the Nec1 inhibitor, whereas death of DP thymocytes by TNF was not ( Figure 6B ). Both the maximal extent of cell death and the concentration of Nec1 required to prevent TNF-induced death varied between different subsets. Since expression of RIPK1 differed between thymic populations, it was possible that cells with a higher abundance of RIPK1 would be more likely to die, reflected in the maximal extent of death, and/or would require more Nec1 to block cell death if RIPK1 kinase activity was a rate-limiting parameter. We therefore calculated half maximal inhibitory concentrations (IC50s) of Nec1 for individual subsets ( Figure 6C ) and compared both maximal extents of cell death and IC50s with RIPK1 protein levels ( Figure 6D ). This revealed strong correlations between RIPK1 abundance and both maximal cell death (r2 = 0.78) and IC50 of Nec1 (r 2 = 0.63). Similarly, we asked whether RIPK1 abundance also predicted susceptibility to TNF-induced cell death. Correlating published lethal dose 50 (LD50) of TNF (Webb et al., 2016) with RIPK1 abundance revealed a strong inverse correlation (r 2 = 0.88) ( Figure 6D ). Populations with the highest abundance of RIPK1 expression required the least TNF to trigger cell death. Together, these data show that TNF-induced death of thymocytes in vitro in the absence of IKK activity is RIPK1 dependent and further suggests that RIPK1 is rate limiting for TNF-induced cell death amongst SP thymocytes.
IKK Activity Is Required to Prevent RIPK1-Induced Cell Death Independently of NF-kB Signaling Our data suggest that RIPK1 is a central regulator of thymocyte survival and that IKK kinase activity is required to repress RIPK1kinase-dependent cell death by a mechanism independent of NF-kB. Recent studies show that RIPK1 is a direct target of IKK kinase activity in embryonic fibroblasts and that phosphorylation of RIPK1 by IKK represses its kinase activity and subsequent induction of cell death (Dondelinger et al., 2015) . However, the significance of this regulatory circuit in vivo is unclear, and the activity of such an IKK-RIPK1 pathway has not so far been identified in a physiological setting. To ask whether thymocyte survival utilizes an NF-kB-independent function of IKK involving repression on RIPK1 in vivo, we first tested whether the death of IKK-deficient thymocytes in vivo was dependent upon RIPK1 kinase activity. We generated IKK-deficient mice in which RIPK1 kinase activity was impaired, introducing the inactivating RIPK1 D138N mutation (Newton et al., 2014) to the IKKDT huCD2 strain. In this way, the scaffolding function of RIPK1 is preserved while its kinase function is inactivated. In IKKDT huCD2 mice, the expression of kinase-dead RIPK1 D138N resulted in a substantial rescue of SP development and export of T cells into the periphery. Development of mature HSA lo CD62L hi CD4 + SP and immature HSA hi CD62L lo CD8 + SP thymocytes was restored to near normal numbers in IKKDT huCD2 RIPK1 D138N mice, while mature HSA lo CD62L hi CD8 + SP thymocytes were partially rescued ( Figures 7A and 7B) . Peripheral lymphoid organs of IKKDT huCD2 mice were almost completely devoid of naive CD4 + or CD8 + T cells ( Figures 7C and 7D ). The few naive T cells present were mostly R26 RYFP -cre-reporter negative ( Figure 7D ) and therefore most likely represented rare deletion escapants that had failed to excise Ikk genes (Webb et al., 2016) . In contrast, IKKDT huCD2 RIPK1 D138N mice contained significant numbers of naive CD4 + and CD8 + T cells compared with IKKDT huCD2 mice, which were R26 RYFP +ve, confirming that restoration of thymic development in these mice was also associated with export of IKK-deficient T cells. However, RIPK1 D138N did not restore peripheral T cell numbers in IKKDT huCD2 mice to normal ( Figure 7D ), suggesting that IKK function was still required for sustained population of peripheral compartments.
We next asked whether RIPK1 is phosphorylated following TNF stimulation of thymocytes and, if so, if it was dependent upon IKK activity. We first confirmed that RIPK1 phosphorylation was detectable in WT thymocytes after immunoprecipitation of complex I. Indeed, deubiquitination and dephosphorylation of RIPK1 revealed characteristic electrophoretic shifts associated with ubiquitination and phosphorylation of RIPK1 within complex I after TNF stimulation ( Figure 7E ). Little phosphorylation of RIPK1 was detectable when WT thymocytes were preincubated with a pan-IKK inhibitor (Waelchli et al. 2006) , whereas phosphorylation was unaffected by Nec1 ( Figure 7F ). In agreement with this, little phosphorylation of RIPK1 was detectable after TNF stimulation of IKK-deficient thymocytes from IKKDT huCD2 RIPK1 D138N mice ( Figure 7G ), all together suggesting that RIPK1 phosphorylation in response to TNF stimulation is IKK dependent. Finally, we tested whether survival of RelA DT Rel À/À Nfkb1 À/À thymocytes in response to TNF was dependent upon IKK kinase activity, even though downstream NF-kB activation was completely absent. We measured survival of TNF-stimulated Figure 6 . Induction of RIPK1 Expression Sensitizes Developing Thymocytes to TNF-Induced Cell Death (A) Thymocytes from cre + and cre -Ripk1 fx/fx mice were cultured with different doses of TNF for 24 h, and cell viability was determined by flow cytometry. Graphs show percentage of dead cells among the indicated thymic subpopulation from cre + and cre -Ripk1 fx/fx mice (n = 3 each). Significance tested by one-way ANOVA. (B and C) Total thymocytes from huCD2 iCre Chuk fx/fx mice were cultured with IKK2 inhibitor, TNF (10 ng/ml) or PBS, and different doses of RIPK1 kinase inhibitor Necrostatin-1 (Nec1). Line graphs show percentage of dead cells in cultures with TNF or PBS (B). Red lines (B) indicate modeled fits used to identify maximal death in different subsets and to estimate IC50 of Nec1 (C). Error bars of IC50 estimates indicate 95% confidence intervals. (D) Scatter plots are of RIPK1 MFI from Figure 4B versus percentage of induced death (B), Nec1 IC50 estimated in (C), and TNF LD50 for IKK-deficient thymocytes (Webb et al., 2016) . Solid lines are regression fits to data with 95% confidence indicated (dashed lines). Data are representative of two (A) or three (B, C, and D) independent experiments. thymocytes when IKK activity was blocked with two distinct IKK inhibitors: a specific IKK2 inhibitor, BI605906, that does not target IKK1 and therefore achieves a partial IKK inhibition (Clark et al., 2011) and a pan IKK inhibitor, IKK16 (Waelchli et al., 2006) , that inhibits both IKK1 and IKK2. Specifically inhibiting IKK2 resulted in a clear sensitization of mature HSAlo SP thymocytes to TNFinduced cell death ( Figure 7H ), whereas culture with pan-IKK inhibitor rendered all SP populations sensitive to TNF-induced cell death ( Figure 7I) . To test whether cell death of RelA DT Rel À/À Nfkb1 À/À thymocytes following IKK inhibition was also RIPK1 dependent, cells were additionally cultured with Nec1. Importantly, TNF-induced cell death in the presence of IKK2 inhibition was completely blocked by Nec1, whereas death in cultures with IKK16 was substantially reduced by blocking RIPK1 kinase ( Figures 7H and 7I) , revealing that IKK does regulate RIPK1 kinase activity even in the absence of NF-kB. Taken together, our data suggest that IKK regulates thymocyte survival by repressing RIPK1 kinase activity by a mechanism that does not rely upon NF-kB activation.
DISCUSSION
Here, we found that mice lacking canonical NF-kB signaling in T cells undergo unperturbed thymic development and were resistant to TNF-induced cell death, even at supra-physiologic concentrations. Although it is clear that NF-kB activation is essential to control cell death processes in other tissues, such as hematopoietic progenitors and endothelial cells (Xu et al., 2018) , this does not appear to be the case in thymocytes. Mice lacking upstream regulators of NF-kB activity, such as the IKK complex or TAK1, reveal a profound block in SP thymocyte development and were used to implicate NF-kB as an important downstream target mediating SP thymocyte development. We observed unperturbed SP development in RelA DT Rel À/À Nfkb1 À/À mice, with normal downregulation of HSA and induction of CD62L, thymic egress, and population of peripheral compartments. Transcriptomic analyses reveal a clear NF-kBdependent gene signature in developing SP thymocytes (Webb et al., 2016; Xing et al., 2016) , including genes that regulate cell survival, so it was natural to conclude that such genes should be responsible for resistance to TNF-induced cell death. However, our results clearly demonstrate that acute survival of thymocytes does not depend upon NF-kB regulated genes.
Instead, we identified a critical role for an IKK-RIPK1 signaling axis for controlling the survival of developing thymocytes. Our data suggest that IKK expression and kinase activity are essential to prevent TNF-induced RIPK1-mediated cell death in vivo. We showed that RIPK1 expression is induced during thymopoiesis reaching peak abundance in SP thymocytes after positive selection, and it is in these subsets that this pathway was most critical. In the absence of IKK function, induction of RIPK1 expression in HSA lo CD4 + SP and CD8 + SP thymocytes coincided with extensive cell death of these specific subsets. Blocking RIPK1 kinase activity, both in vitro with inhibitors and in vivo in mice expressing kinase-dead RIPK1, rescued survival of these populations, revealing that repression of RIPK1-kinase-dependent cell death was the target of IKK kinase activity. However, we also found evidence, paradoxically, that RIPK1 expression may also have a protective function in thymocytes. In WT mice, DP thymocytes expressed little or no RIPK1 but were weakly sensitive to TNF-induced cell death. We confirmed that cell death was RIPK1 independent because RIPK1-deficient DP cells exhibited similar extents of cell death in response to TNF. What is more, RIPK1-deficient thymocytes maintained a similar, modest susceptibility to TNF-induced death throughout DP and SP development, in contrast to WT thymocytes that became resistant to TNF-induced cell death as RIPK1 expression was induced. This modest extent of TNF-induced death may reflect the TNFR complex IIa formation that occurs in the absence of RIPK1. Therefore, induction of RIPK1 expression may protect developing thymocytes from TNF-induced cell death by preventing complex IIa formation but also necessitates IKK activity to prevent the more potent activity of RIPK1-kinasedependent, complex-IIb-mediated cell death in its place.
The most direct interpretation of our data is that IKK activity is required to repress RIPK1-kinase-dependent cell death independently of NF-kB. In support, studies in mouse embryonic fibroblasts reveal that the IKK complex can directly regulate RIPK1 during the assembly of the TNFR complex I. Phosphorylation of RIPK1 by IKK prevents its activation and consequently its integration into the death-inducing complex IIb (Dondelinger et al., 2015) . The same study found that either IKK1 or IKK2 alone were sufficient for this regulatory function upon RIPK1. Consistent with this, survival of thymocytes lacking either IKK1 or IKK2 was normal, though we found evidence that IKK2 was a more potent regulator of RIPK1 because a single functional allele of Ikbkb, but not Chuk, was sufficient to protect thymocytes from TNF-induced death. Of significance, RIPK1 phosphorylation is also defective in the absence of cIAPs, TAK1, and NEMO (Dondelinger et al., 2015; Geng et al., 2017) . Therefore, it seems that the block in SP thymocyte development observed in LUBAC- (Teh et al., 2016) , TAK1-, and NEMO-deficient mice (Schmidt-Supprian et al., 2003; Teh et al., 2016; Xing et al., 2016) results from disruption of the delicate equilibrium of pro-death and pro-survival TNFR signaling complexes rather than from their common function of activating NF-kB. The potency of IKK2 in controlling RIPK1 may also be of relevance to the application of constitutively active IKK2 constructs, often used to reconstitute NF-kB signaling. It is possible that some functions of these constructs may instead be mediated by their direct targeting of RIPK1.
Our data suggest that acute survival of developing thymocytes is regulated by a direct IKK-RIPK1 pathway. If so, what function does NF-kB signaling then play during thymic development? Although it has been suggested that NF-kB signaling in developing SP thymocytes is critical for their acquisition of proliferative capacity to TCR stimulation (Xing et al., 2016) , our results were equivocal on this point. Thymocytes were unable to proliferate in response to TCR triggering in the absence of either canonical NF-kB or IKK kinase activity. However, it was also clear that in normally peripheral T cells, blocking IKK kinase had the same impact upon proliferation, confirming that an intact IKK-NF-kB pathway is critical for normal responses to TCR triggering. Therefore, there is currently no evidence that the failure to trigger cell division in thymocytes with defective NF-kB activation represents anything other than an acute requirement for this pathway downstream of TCR stimulation. To test whether NF-kB activity in developing thymocytes is required for their proliferative competence will require alternative approaches that can separate the acute requirement for NF-kB activation downstream of TCR from developmental programming.
Although NF-kB appears dispensable for normal thymocyte survival, our data strongly suggest that one function of NF-kB in newly developed T cells is instead to trigger a program of homeostatic maturation required for long-term survival of mature peripheral T cells. This function is clearly revealed in mice in which NF-kB signaling is absent and RIPK1-induced cell death is held in check. In such cases, thymocyte development and egress are largely normal, but peripheral T cells fail to survive long term and accumulate. Common to these strains is a failure of peripheral T cells to maintain high abundance of IL-7R, whose gene is a key NF-kB target required for their survival (Silva et al., 2014; Webb et al., 2016) . However, numerous pro-survival genes, such as cIAPs, are targets of NF-kB signaling in the thymus (Webb et al., 2016) , and although these have been originally thought to mediate acute survival of thymocytes, they might instead be more important for the long-term survival of peripheral T cells. Studies in which embryonic lethality of RIPK1 deficiency is rescued by elimination of caspase-8 or FADD in combination with either RIPK3 or MLKL (Dillon et al., 2014; Rickard et al., 2014) also suggest that thymopoeisis is normal in the absence of death machinery and have peripheral T cells that can mount anti-viral responses (Kaiser et al., 2014) . However, the gross perturbations to the T cell compartment that occur in such mice in the absence of Fas signaling make it hard to assess whether T cell maturation is normal. Here, we observed a significant reduction in IL-7R expression following T-cell-specific deletion of RIPK1. The defect was more modest than in other strains that completely lacked NF-kB activity, suggesting that NF-kB activation downstream of TNFRSF signaling is not entirely RIPK1 dependent in thymocytes. However, the peripheral lymphopenia was as profound as other strains lacking NF-kB signaling. Our data suggest that thymocytes are weakly susceptible to TNFinduced cell death independently of RIPK1, possibly mediated by TNFR complex IIa. It is possible that the activity of this complex is enhanced as caspase-8 expression is upregulated in mature SP thymocyte subsets, which, in combination with reduced IL-7 survival signaling and other pro-survival NF-kB targets, results in the profoundly atrophied peripheral T cell compartment observed.
Our data reveal that RIPK1 expression is under developmental regulation in T cells, reaching peak abundance only in the most mature thymic populations. While RIPK1 is a critical component of the necroptosome, thymocytes do not express MLKL and are therefore not susceptible to necroptosis. Consistent with this, caspase-8-deficient T cells only become susceptible to necroptosis after TCR triggering (Ch'en et al., 2011) . Taken together, this suggests that death signaling in T cells is developmentally regulated. In thymocytes, RIPK1 expression is induced, but at this stage its physiological role is to transmit TNFRSF signals required for normal NF-kB activation and maturation of new T cells. It is not until T cells become activated that RIPK1 can additionally mediate host defense functions by triggering necroptosis in susceptible cells, for instance during viral infections (Mocarski et al., 2011) . Whether RIPK1 continues to facilitate transmission of TNFRSF-derived signals that are important in development of effector and memory responses will be an important area of future research.
Finally, expression of kinase-dead RIPK1 D138N in vivo resulted in a near-complete rescue of IKK-deficient CD4 SP thymocytes but only a partial rescue of mature CD8 SP thymocytes. While RIPK1 is one target of IKK responsible for regulating survival of mature CD8 + SP thymocytes, these data suggest that the IKK complex may control survival of these cells by other mechanisms independent of both RIPK1 and NF-kB. Our data reveal that thymocytes are only modestly sensitive to TNF-induced death in the absence of RIPK1 expression, whereas IKK deficiency renders them exquisitely sensitive to TNF-induced death, underscoring a critical role of IKKs in keeping RIPK1-dependent cell death in check. It may be relevant that TNFR1 deficiency also fails to completely rescue survival of mature, IKK-deficient CD8 + SP thymocytes (Webb et al., 2016) . This could argue for the involvement of other death receptors, such as DR3, in regulating thymocyte survival. However, given the complexity of the downstream signalosome responsible for TNFR signaling, together with the developmental changes in gene expression of key signaling components such as RIPK1 and caspase-8, it is possible that removal of one or more components disturbs the fine equilibrium regulating formation of the different signaling complexes, which results in spontaneous, ligand-independent signaling. Whatever the explanation, it is clear that regulation of CD8 + SP thymocyte survival is complex. Nevertheless, identifying the importance of NF-kB-independent functions of the IKK complex for thymocyte survival and specifically the role of the IKK-RIPK1 pathway will greatly facilitate future studies of IKK-dependent cell survival.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: . Cells were activated by CD3 (10mg/ml) and CD28 (10mg/ml) mAb bound to 96 well flat bottom plates overnight at 4 C and washed with PBS prior to culture. Cells were cultured at 10 6 /ml in 200ml. TCR hi CD4 + SP and CD8 + SP thymocytes were isolated by cell sorting from total thymocytes, labelled with CTV and cultured at 10 6 /ml for 72hr in either CD3+CD28 mAb coated plates or uncoated wells as control. Cultures of peripheral T cells were performed by labelling total lymph node cell suspensions with CTV and culturing cells at 10 6 /ml in 96 well flat bottom plates.
RNA-Seq Analysis TCR hi CD8 + SP thymocytes were sorted from WT (n = 8) and RelA DT Nfkb1 À/À Rel À/À mice (n = 5), mRNA purified and gene expression determined by RNAseq analysis. Individual RNAseq libraries were generated from independent cell preparations. RNA was isolated from single cell suspensions using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. RNA integrity was confirmed using Agilent's 2200 Tapestation. Samples were processed using the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech Laboratories, Inc.). Briefly, cDNA libraries were generated using the SMART (Switching Mechanism at 5' End of RNA Template) technology which produces full-length PCR amplified cDNA starting from 10ng total RNA. The amplified cDNA was checked for integrity and quantity on the Agilent Bioanalyser using the High Sensitivity DNA kit. 150pg of cDNA was then converted to sequencing library using the Nextera XT DNA (Illumina, San Diego, US). This uses a transposon able to fragment and tag the double-stranded cDNA (Tagmentation), followed by a limited PCR reaction (12 cycles). Libraries to be multiplexed in the same run are pooled in equimolar quantities, calculated from Qubit and Tapestation fragment analysis. Samples were sequenced on the NextSeq 500 instrument (Illumina, San Diego, US) using a 43bp paired end run. Run data were demultiplexed and converted to fastq files using Illumina's bcl2fastq Conversion Software v2.19. Fastq files are pre-processed to remove adapter contamination and poor quality sequences (trimmomatic v0.36) before being mapped to a suitable reference genome using the spliced aligner STAR (v2.5b). Mapped data is deduplicated using Picard Tools (v2.7.1), in order to remove reads that are the result of PCR amplification, and remaining reads per transcript are counted by FeatureCounts (v1.4.6p5). Normalisation, modelling and differential expression analysis are then carried out using SARTools (v1.3.2), an integrated QC and DESeq2 BioConductor wrapper. After normalization, reads were displayed as reads per kilobase of exon per million reads (RPKM).
Immunoblotting and Complex I Immunoprecipitation 3 x 10 7 total thymocytes were used per condition. Where indicated, cells were pretreated for 30 min with Nec1 and/or IKK16 inhibitors. For complex I immunoprecipitations (IPs), cells were stimulated with 2 mg/ml 3xFLAG-TNF. Cells were washed two times in ice-cold PBS before lysis in 1 ml of NP-40 lysis buffer (10% glycerol, 1% NP-40, 150 mM NaCl, and 10 mM Tris-HCl [pH 8] supplemented with phosphatase and protease inhibitor cocktail tablets [Roche Diagnostics]). The cell lysates were cleared by centrifugation for 15 min at 40C, and the supernatant was then incubated overnight with FLAG M2 affinity gel at 4 C. The next day, the beads were washed three times in PBS buffer. The beads were then either resuspended in 10ml Laemmli buffer to elute the immune complexes or resuspended in 40ml of DUB/lPP buffer (50 mM Tris-HCl [pH 8], 50 mM NaCl, 5 mM DTT, and 1 mM MnCl2) to remove conjugated ubiquitin chains and phosphorylations on RIPK1. Then, either 1.8 mg USP2 or 800 U Lambda protein phosphatase (New England BioLabs) was added as indicated. Reactions were incubated for 30 min at 30 C and subsequently 30 min at 37 C. IPs and total cell extract loading controls were analyzed by NuPage 3%-8% Bis-Tris gel (Invitrogen Novex), transferred onto PVDF membrane (Millipore) and immunoblotted with anti-RIPK1 (Cell Signaling Technology). Immunodetection was performed by incubation with horseradish peroxidise-conjugated anti-rabbit (1:5000) (DAKO) and developed by enhanced chemiluminescence (Millipore).
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QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis and figure preparation were performed using Graphpad Prism 6 (v6.0a). Two-way comparisons were made by nonparametric unpaired two-tailed Mann-Witney Student's t test while dose response curves and variation in cell numbers between strains over time were analyzed by two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SD unless otherwise stated.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the data reported in this paper are ArrayExpress: E-MTAB-4778 and E-MTAB-7470.
